Abstract-An active microwave C-section is proposed which provides a flat magnitude transmission in a wide frequency band along with a frequency-dependent group delay response considering practical dissipation losses. The key lies in integrating a constant gain amplifier inside a microwave C-section, which perfectly compensates the distributed conductor and dielectric losses of the coupler, while preserving the intrinsic dispersion of the C-section. The operation of the proposed device is confirmed using numerical analysis.
I. INTRODUCTION
A C-section represents a fundamental building unit of microwave dispersive devices such a wide-band phase shifters [1] [2] [3] , equalizers [4] and real-time signal processors [5] [6] . Recently, they have been used extensively to build dispersive devices exhibiting complex group delay profiles, owing to their all-pass transmission properties, which have found important applications in Real-Time Analog Signal Processing (R-ASP) technology [7] .
A microwave C-section is 2-port device and is based on contra-directional TEM coupled-line couplers [4] . Under ideal lossless conditions, it provides a flat transmission [|S 21 (ω)| = 1] with a strongly dispersive frequency-dependent group delay response [τ = τ (ω)]. However, all practical devices exhibit dissipation losses, and therefore, a flat transmission is never achieved in practice, i.e. |S 21 (ω)| = 1. Its magnitude transmission is always dependent on the dispersion response following Kramers-Kronig relations and the corresponding Bode gain-phase relations [8] . This frequency-dependent magnitude transmission subsequently leads to undesired signal distortion at the output of the corresponding dispersive devices.
To combat this issue, the concept of a perfect dispersive medium (PDM) was recently developed in [8] to decouple the magnitude and phase response of an electromagnetic device, while satisfying all causality requirements, i.e. achieving |S 21 (ω)| = 1 and τ = τ (ω), simultaneously. The 1-D counterpart of a PDM was demonstrated using microwave Csections in [9] , where each super-cell consisted of two separate loss and gain C-sections leading to amplitude-equalization of the super-cell and dispersion reconfigurability. While dispersion reconfigurability is specific to certain systems such as dispersion code multiple access (DCMA) [10] , amplitude equalization is a desired characteristic of any other dispersion based system such as real-time Fourier transformers [11] [12], spectrum sniffers [13] or frequency discriminators [14] .
In this work, the same flat transmission response and frequency-dependent group delay are achieved simultaneously using a single microwave C-section. It will be shown that the distributed dielectric and conductor losses of the C-section can be perfectly compensated in a wide band by integrating a gainload inside a microwave C-section.
II. CONVENTIONAL LOSSY C-SECTION
A microwave C-section is a 2-port network formed by interconnecting the through and the isolated ports of a 4-port contra-directional coupled-line coupler exhibiting infinite isolation and perfect matching. Its 2-port transfer function can be derived in terms of the known coupled a(θ) and through b(θ) transfer functions of the coupler, following the waveinterference approach as [15] [16] 
where k is the voltage coupling coefficient and Re{θ(ω)} = γ(ω)ℓ is the electrical length of the transmission with γ as the complex propagation constant of the isolated line. The complex propagation constant γ(ω) = β(ω) − jα(ω), where β and α are the per-unit propagation and attenuation constants of the isolated transmission lines, respectively. Substituting the above expressions in (1), the resulting transfer function is given by
where
If the C-section is lossless (α = 0), it can be verified that |S 21 (ω)| = 1, and this is classically referred to as an all-pass response, where all the frequencies are transmitted equally in magnitude [4] . However, this is just a mathematical idealization, as any practical C-section exhibits both conductor and dielectric losses corresponding to a non-zero α. For a practical C-section with α = 0, the transfer function can be re-written as [9] 
with
(5) In this case, two main observations can be made:
1) The transmission magnitude |S21(ω)| = 1, and is in fact a strong function of frequency. 2) Minimum transmission, min{|S21(ω)|}, is at the resonant frequency ω 0 of the coupler where its length ℓ is a quarter wavelength long, i.e.
A C-section also exhibits a strong dispersion (frequency dependent group delay). Its group delay response τ (ω) = −d S 21 (ω)/dω. It can be easily verified that the maximum delay τ occurs at the resonant frequency ω 0 of the coupler, and is given by
Therefore, to achieve a larger delay swing ∆τ , ρ should be reduced, i.e. larger coupling k. However, following (6), a smaller ρ also leads to lower signal transmission, i.e. large ∆S. Therefore, stronger the dispersion, more amplitude distortion the device will exhibit. This is consistent from the physical perspective, where the frequency component with the largest group delay propagates longer inside the structure, and is attenuated the most. Fig. 2 shows the typical amplitude and delay response of a practical microwave C-section. The lowest transmission and the maximum group delay, both occur at the fundamental resonant frequency and all its harmonics.
III. PROPOSED AMPLITUDE-EQUALIZED ACTIVE C-SECTION As mentioned in the introduction, a frequency dependent transmission magnitude is a problematic of a C-section. The The magnitude transmission and delay responses of a passive microwave C-section of Fig. 1 computed using (4) . The design parameters are: k = 0.71, αℓ = 0.15 only possibility of a flat magnitude transmission |S 21 (ω)| = 1 in a practical passive C-section is a trivial solution of k = 0. This corresponds to a constant group delay, rendering the device useless for any signal processing application. So how do we achieve a flat magnitude transmission from a microwave C-section preserving its strongly dispersive characteristic? To answer this question, let us modify the microwave C-section where the through and the isolated ports of the corresponding coupler are now connected through a matched load G, as shown in Fig. 3 . Using the wave-interference approach, the transfer function of such a C-section is given by
which when G = 1, corresponds to a passive C-section, and reduces to (4), with |S 21 (ω)| = 1. The magnitude transmission and delay responses of an active microwave C-section of Fig. 3 computed using (8) . The responses of a passive C-section is also shown using dashed curves for comparison. The design parameters are: k = 0.71, αℓ = 0.15 and the gain G 0 calculated using (9) . This expression suggests that the load parameter G acts as a free parameter which maybe used to compensate for the frequency-dependent losses in a practical C-section. Let us intuitively enforce the amplitude-equalization at the fundamental resonant frequency ω 0 (βℓ = π/2) of the coupler, i.e.
so that |S 21 (ω 0 )| = 1. The ± signs on the RHS corresponds to resonant or anti-resonant conditions exhibiting the two group delay extrema. Using (2) in (9), this equation can be solved for an optimum value of G = G 0 , resulting in the following value:
(10) Figure 4 shows the modified magnitude and delay responses of the amplitude-equalized C-section, following the optimum value of G 0 . The transmission magnitude is now perfectly equalized to 0 dB. And remarkably, the C-section maintains a strong dependence of the group delay on frequency, as desired.
Following interesting observations and conclusions can be made from this result:
1) The optimum value G 0 > 1, and thus represents a gain load. This is expected as an active element is naturally required to compensate for the dissipation in the C-section. Thus a practical C-section with a flat transmission and finite dispersion is an active C-section. 2) A frequency-independent value of G 0 is found to be sufficient to equalize the frequency-dependent magnitude transmission of a C-section in a wide-bandwidth. This is, a priori, favourable for practical realizations, where the amplifier is needed to provide a constant gain within the frequency band of interest.
3) The optimum gain G 0 ∝ 1/k, i.e. larger gain is required for low-coupling coefficients k. Recalling from (7) that the delay τ is proportional to k, a smaller gain G 0 is required in more dispersive devices. A typical plot of G 0 vs coupling coefficient k is shown in Fig. 5 . This feature is particularly beneficial in strongly dispersive devices, typically required in R-ASP applications, thereby putting moderate requirements on the realizable amplifier gain. 4) The optimum gain value is directly proportional to the attenuation factor αℓ, as shown in Fig. 6 . The gain increases monotonically with loss, consistent with the physical perspective that more gain needs to be injected into the C-section to compensate for the total dissipation losses. 5) A reduction in the group delay swing is observed compared to its passive counterpart, and this appears to be a potential drawback of the proposed approach. This example thus confirms that an actively loaded Csection is capable of providing a flat magnitude transmission with dispersion leading to a true all-pass response in practice, taking all dissipation into account. This single active C-section thus acts as a fundamental unit which can then be used to synthesize more complex delay responses by cascading several of them with different resonant frequencies and coupling coefficients [5] . By properly tuning the gain responses of each of the C-section, the overall magnitude transmission can be equalized following the proposed technique for a specified dispersion response.
IV. CONCLUSIONS
An active microwave C-section has been proposed which provides a flat magnitude transmission in a wide frequency band along with a frequency-dependent group delay response. The key lies in integrating a constant gain amplifier inside a microwave C-section, which perfectly compensates the distributed conductor and dielectric losses of the coupler, while preserving the intrinsic dispersion of the C-section. The proposed amplitude-equalized active C-section is compatible with standard MMIC processes [18] and may find practical applications in wide range of phase shifting and dispersive devices for microwaves. Moreover, the proposed concept is also compatible with micro-ring resonators [19] which are based on co-directional coupled-line couplers, suitable for high-frequency devices and compatible with silicon photonic technologies for optics and THz applications [20] . The detailed stability analysis and experimental demonstration of the proposed active C-section is currently under progress and will be reported elsewhere.
